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Improvement of surface processes modelling in the ERO code
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The low-impact-energy range of the data set used by the 3D Monte Carlo impurity transport code ERO
has been supplemented by sputtering data calculated by molecular dynamics. Also reflection data for
normal incidence were obtained. The computed sputtering data can be reasonably well fitted using the
Bohdansky formula, yielding rather similar fitting parameter values to those used in ERO. A previously
modelled case for ITER divertor has been simulated with the new data. As expected from the small change
in the data set, the modelling results change only little. A method was also developed for direct coupling
of ERO and the molecular dynamics code HCParcas, but the directly coupled code is not applicable to the
present work.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

In all fusion plasma devices eroded surface materials are trans-
ported and redeposited on other locations, possibly far away from
the point of origin. In devices like ITER, which will employ beryl-
lium, tungsten and carbon on different plasma-facing surfaces,
the formation of compound materials is highly probable. The prop-
erties of these compounds can differ significantly from the origi-
nally installed material: there may occur, e.g. drastic changes in
melting points or greatly reduced erosion resistance. Therefore, it
is likely that the newly formed compounds cannot meet the chal-
lenge posed by the surroundings, leading to a failure or deteriora-
tion of operation. On the other hand, in PISCES-B plasma simulator
experiments it has also been observed that even a small fraction
beryllium in the plasma tends to form a protective layer on carbon
surfaces, thus mitigating the chemical erosion problem [1].

The present contribution is devoted to modelling mixed-mate-
rial formation in an ITER-like environment. Arguably the only
way to realistically simulate mixed-material effects is to include
the interactions of the materials at the chemical level. To this
end, we have used the molecular dynamics (MD) code HCParcas.
On the other hand, modelling of the macroscopic migration of
impurities requires a different approach. A well-established tool
is the 3D Monte Carlo impurity transport code ERO [2] that consists
of two main parts: a plasma–surface interaction part and an impu-
rity transport part. Both parts use several physical models and var-
ll rights reserved.
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ious data sources. The original, so-called homogeneous material
mixing surface model of ERO is, however, relatively simple and
therefore not capable of describing reliably material mixing effects.
Recently ERO has been coupled to the SDTrimSP code [3] for more
realistic description of mixed layer formation on the surface. SDTr-
imSP can handle depth-resolved evolution of the surface and has
been successfully benchmarked against experimental data. Since
the code is based on the binary collision approximation, it has lim-
ited validity on impact energies below 100 eV.

An MD-based surface model can be implemented in ERO either
by direct coupling, i.e., by simulating with HCParcas each particle
impact during the ERO simulation, or generating in advance a suf-
ficiently extensive interaction database for use in ERO simulations.
Molecular dynamics is computationally very demanding and the
resulting coupled code would have only marginal applicability.
Therefore, we have run repeated simulations with the MD code
to study the sputtering and reflection yields from an a-C:D surface
during deuterium and carbon bombardment and implemented the
resulting data in ERO. A previous ITER study was then repeated
using these data. The progress in generating similar data for other
ITER-relevant material combinations is reported in Ref. [4].

To understand the data needs of ERO, it is important to note that
ERO distinguishes the traced impurities, ‘test particles’ and the
‘background plasma’ from each other. The effect of background
plasma particles on the surface (physical sputtering and chemical
erosion) is calculated from the known flux (e.g. from the SOLPS
code). The effect of the increased impurity levels in the simulation
volume is handled by launching impurity test particles, whose mo-
tion is followed in the electromagnetic fields, taking into account
atomic and molecular processes and the effect of the background
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plasma. Test particle tracing yields information about the migration
and redeposition of eroded impurities. In addition, the test particles
represent the interaction of impurities with the surface. One can di-
rectly use sputtering yields for specific impact parameters for the
test particles, whereas the background data must be averaged over
the Maxwellian ion energy distribution and impact angle.

A more detailed description of our work can be found in Ref. [5].
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Fig. 1. The sputtering yield from MD simulations of carbon normally incident on a-
C:D with different energies. The target contains 30% deuterium and has a
temperature of 300 K. Old ERO data are also shown. Inset: The same data plotted
on linear scale.
2. New sputtering and reflection data

2.1. Molecular dynamics code HCParcas

For the MD simulations we used the HCParcas code, which is
equipped with features especially tailored for hydrocarbon simula-
tions. This is extremely important for fusion reactor conditions,
where the chemical reactions of carbon play an essential role in
the erosion, deposition and redeposition processes. The heart of
the MD code is its potential model, which in the case of HCParcas
is the empirical Brenner potential function for hydrocarbons [6].
The Brenner potential is a classical bond-order potential, allowing
swift computation of interatomic forces and therefore imposes
only moderate computational requirements on the simulation.

In addition, the Brenner potential is reactive, i.e., it describes
bond breaking and forming, and it can thus be used to investigate
chemical reactions. Another important observation is that it only
requires one parameterization [7] to describe different phases of
hydrocarbons. This feature is of great importance because it allows
one to simulate transitions across different phases of carbon, such
as melting or glass transitions in amorphous hydrocarbons.

For proper simulation of high-energy collisions, the equilibrium
potential should be augmented by a ZBL one. In the current case
the energies (maximum center-of-mass collisional energy of
75 eV) are only slightly above the validity range of the Brenner po-
tential. Moreover, head-on-collisions are rare, so the maximum en-
ergy of validity of about 30 eV would only be rarely exceeded.

2.2. Simulation method

The data were collected by repeated simulations of single-atom
bombardment on an (18 Å)3 amorphous deuterated carbon cell.
The deuterium content was 30%, which corresponds roughly to the
saturation level of hydrogen in graphite at room temperature, 0.4
H/C [8], and the sp3/sp2 ratio was 0.58. We ran the simulations using
separately carbon and deuterium projectiles. For each incident en-
ergy, data were collected using six different surfaces and calculating
3000 impacts on every surface. The simulations were non-cumula-
tive, i.e., the same intact surface was used again and again, but the
impact location was randomized for every event by shifting the
atoms periodically in the plane parallel to the surface. A cluster anal-
ysis was run after each impact to identify sputtered particles. The
resulting sputtering yields are directly applicable to test particles
in ERO simulations, while the data for background plasma erosion
are obtained by an integration over energy and angle of incidence.

The present work covers only a narrow parameter range: nor-
mal incidence and six incident energies from 5 to 150 eV. The rea-
son for extending the energy to such high energies (although our
primary interest lies in low energies) is comparison to the present
data set. The surface temperature was 300 K.

2.3. Carbon bombardment

2.3.1. Sputtering by test particles
We start with the calculation of sputtering yields and reflection

probabilities of single impacting particles. ERO uses the Bohdansky
formula [9]
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supplemented by the Yamamura formula [10,11] for angular depen-
dence, for calculating sputtering yields from test particle impacts.
Here Q and Eth (threshold energy where the sputtering yield be-
comes zero) are fitting parameters, � ¼ E0=ETF, where ETF ¼
5688 eV is the Thomas–Fermi energy, and sKrC

n is the nuclear stop-
ping cross section based on the Kr–C potential, given by
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In the original work of Bohdansky [9] the Thomas–Fermi nuclear
stopping cross section was used instead of sKrC

n ð�Þ [12].
The MD sputtering data averaged over the six sample surfaces

are shown in Fig. 1. The sputtered species include both elemental
carbon and hydrocarbons, the latter constituting about 2/3 of the
sputtering yield. The hydrocarbon yield shows a similar energy
dependence as the yield of atomic carbon, pointing to collisional
energy transfer as the main release mechanism; therefore every-
thing has been counted to physical sputtering. A detailed distinc-
tion between chemical and physical sputtering is beyond the
scope of the current work, but can be achieved, e.g. with a com-
bined analysis of the energy and ejection time of sputtered parti-
cles. For the current work it is sufficient to note that sputtered
molecules are almost always formed by chemical sputtering, and
sputtered individual atoms by physical sputtering. One should note
that in the absence of simultaneous deuterium bombardment the
continuous C bombardment would actually deplete the surface
from deuterium. In order to interpret our result correctly one
should therefore assume that enough deuterium is simultaneously
incident to keep the concentration saturated.

The sputtering data can be conveniently implemented in ERO
by fitting Eq. (1) to the data points using Q and Eth, resulting in val-
ues Q ¼ 0:642 and Eth ¼ 8:56 eV. The original data set uses values
Q ¼ 0:75 and Eth ¼ 7:42 eV (see Fig. 1).

It is worth noting that the sputtering yield is strongly influenced
by the structure of the surface. In our modelling six different sur-
faces were used, which were obtained by opening one side of a cu-
bic a-C:D sample at a time. One of these six surfaces features a
several times higher sputtering yield in the form of hydrocarbons
compared to the average of other five surfaces. Apparently there



Beryllium
Redeposited carbon

Graphite

Fig. 3. Surface concentration profiles along outer divertor for graphite, redeposited
carbon and beryllium. Solid lines correspond to the simulation with MD data and
dashed lines to the reference simulation with old ERO data.
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are loosely bound atoms on this surface which are easily sputtered
time after time in our non-cumulative simulations. Concerning the
validity of the MD data at higher energies, our simulation cell is
sufficiently large up to about 100 eV. With 100 eV about 0.1%
and at 150 eV about 0.5% of the incident particles impale the cell.

2.3.2. Sputtering by background plasma
ERO uses sputtering yields averaged over the Maxwellian ion

energy distribution and an angular distribution to calculate the
sputtering by the background plasma. The ion acceleration in the
sheath potential is taken into account. In the implementation of
MD data we have performed a similar averaging over the Maxwell-
ian ion energy distribution and added the sheath contribution of
3ZkTe, but neglected the angular averaging due to the lack of angu-
lar data. This makes our new data less accurate than the old ERO
data set – however, it does not affect our present simulations
(see Section 3) in which beryllium is the only impurity in the
background.

2.3.3. Carbon reflection
Although we get the reflection coefficient from the simulations,

it is not useful to implement the data at this stage because of the
strong dependence on the angle of incidence. Recall that we only
have simulated normal incidence. In contrast, ERO uses a detailed
description of reflection in which the reflection probability as well
as the final energy and direction of the reflected particle are tabu-
lated from TRIM data. However, it is interesting to compare our re-
sults to the corresponding values for normal incidence in this data
set (Fig. 2). In the low-energy range, which is of primary interest to
this work, there is a striking difference. While the TRIM data show
zero reflection for low energies independently on the angle of inci-
dence, in MD simulations the reflection probability increases as the
incident energy approaches zero. The absolute values here ([4%)
are small, but this behaviour would make a significant effect for
non-normal incidence (as the reflection probability tends to in-
crease with incidence angle). A more detailed investigation would
be necessary in order to obtain an extensive data set for implemen-
tation in ERO.

3. ERO simulation results

We repeated the simulations reported in Ref. [13] and then
changed the sputtering data (C on C) and the corresponding inte-
grated data for background plasma sputtering. The results are
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Fig. 2. Reflection coefficient of carbon incident on a-C:D with 30% D as a function of
energy. The MD data are from the present work and the TRIM data are used in ERO.
Normal incidence.
essentially same as in the original study. For instance, Fig. 3 shows
the surface concentration profiles along the outer divertor for
graphite, redeposited carbon and beryllium both with the original
data set of ERO and with the new data. These profiles were chosen
as an example since they are affected by all erosion and deposition
processes and would therefore likely reveal any significant differ-
ences in erosion or deposition. The close agreement between sim-
ulations with different data sets was expected, since the change in
test particle sputtering yield data set is small, and the averaged
background plasma sputtering yield does not show up in the pres-
ent case due to the absence of carbon impurities in the background.
If a carbon-containing background is simulated, a more detailed
angular averaging would be necessary. To this end, one either
needs some more sputtering data with different angles of inci-
dence or can resort to the Yamamura formula [10,11] for angular
dependence.

4. Summary and discussion

Molecular dynamics has been considered for surface processes
modelling in the ERO code. The method is accurate even at low
ion energies where chemical effects become important and the
binary collision approximation loses its validity. However, plas-
ma–surface interactions involve slow processes whose time scales
are out of reach of MD modelling. Important examples are the sup-
pression of chemical erosion under high particle fluxes [14] and the
diffusion of methane in solid matter. If such effects can be ac-
counted for by other means, the MD method qualifies as a suitable
candidate for PSI modelling in ERO. We have studied the feasibility
of direct coupling of ERO and HCParcas and concluded that simula-
tions with the coupled code would become too heavy or only mar-
ginally feasible. For details, see Ref. [5].

One could proceed by generating an extensive particle–surface
interaction database including the relevant elements. This would
require at least about 100 surface concentration combinations of
C/W/Be/D for a feasible accuracy and at least these four species
as projectiles. Collecting the statistics for different energies and an-
gles of incidence would correspond to several years of CPU time.
However, the problem can be trivially parallelised. On the other
hand, the generation of non-crystalline simulation cells requires
much handwork, part of which could be replaced by generating
the cells by cumulative bombardment of elemental cells. Use of
this method could in fact result in more realistic compositions,
including the depth-dependence of concentrations, which affects
sputtering properties (see, e.g. [15]). In any case, a prerequisite
for this work is that the interaction potentials between beryllium
and all involved species – including beryllium itself – are available,
see Ref. [4].
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Our simulations show that carbon reflection at low impact
energies is drastically different in MD and TRIM descriptions, a fact
that requires a systematic study. Also an adequate description of
chemical erosion requires some temperature variation instead of
our present simulations at room temperature alone. Moreover, in
most cases it would be more beneficial to carry out cumulative
simulations with deuterium and impurities simultaneously inci-
dent on the surface. Re-use of simulation targets requires cooling
the sample after each impact for some femtoseconds, which, how-
ever, does not essentially increase the total simulation time.
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